ABSTRACT Ozone (O 3 ) fumigation is a potential quarantine treatment alternative for controlling stored-product pests and surface insect pests on fresh agricultural commodities. We explored the effects of temperature, treatment time, controlled atmospheres, and vacuum in combination with O 3 to control two important pests of ornamental crops: western ßower thrips, Frankliniella occidentalis (Pergande), and longtailed mealybug, Pseudococcus longispinus Targioni Tozzetti. Treatment parameters tested were O 3 concentrations from 0 to 3,800 ppm, treatment durations were from 30 to 120 min, vacuums were from 0 to 0.41 bar below ambient, temperatures were from 32.2 to 40.6ЊC, and controlled atmospheres were composed primarily of nitrogen, carbon dioxide, or breathing air [BA]. Treatment efÞcacy was enhanced by higher O 3 concentration and temperature, lower oxygen, and longer treatment times. Reduced pressure was not an important factor. Mealybugs were more difÞcult to kill than thrips. A 30-min treatment of O 3 at Ϸ200 ppm in 100% CO 2 at 37.8ЊC killed 47.9 and 98.0% of mealybugs and adult female thrips, respectively. All of the ornamentals tested were damaged to some degree by O 3 treatments. However, crops with thick leaves such as orchids exhibited little damage, and the waxy portions of certain ßowers were not damaged. The results suggest that O 3 has potential as a quarantine treatment to control thrips and mealybugs on selected commodities.
THE RATE OF PEST INTERCEPTIONS in the United
States increased greatly within the last decade, concomitant with increases in international trade of agricultural commodities (Anon 2001) . Whereas fruits and vegetables are generally treated before export to kill internal pests (such as fruit ßies) that may be present, most ornamentals may be shipped without treatment if they "appear" free of surface pests. Because of this approach and the wide range of pests infesting ornamental crops, interceptions of quarantine pests on ornamental commodities are frequent, and the infested commodities must be sent back, treated, or destroyed. For example, 30% of ßowers imported into Japan do not pass inspection on arrival and must be fumigated (van Gorsel 1994) . The standard quarantine treatment for cut ßowers and foliage is fumigation with methyl bromide (Shelton et al. 1996) . However, most uses of methyl bromide are being phased out by international convention because this fumigant is associated with depletion of the protective layer of ozone present in the earthÕs stratosphere (Johnson et al. 1998 ).
Gaseous ozone (O 3 ) is an oxidizing agent with potential as an alternative fumigant for controlling insects infesting agricultural commodities. In 1982, O 3 was given "generally recognized as safe" status for treatment of bottled water (Cosmed Group, Inc. 2004) . In June 2001, the U.S. Food and Drug Administration approved the use of O 3 as an "antimicrobial agent for the treatment, storage and processing of foods in gaseous and aqueous phases." O 3 also is approved by the USDA for processing organic foods (Cosmed Group, Inc. 2004) . Research using O 3 for insect control dates back to 1978, when researchers considered using it in combination with ionizing radiation for control of stored product pests (Erdman 1978 as reported in Tilton and Brower 1985) . Research projects are in progress investigating the use of gaseous O 3 as a potential methyl bromide replacement for controlling coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Scolytidae), and coffee leaf rust, Hemileia vastatrix Berk. & Brown) (Uredinales: Pucciniaceae) fungi in green coffee and bean thrips, Caliothrips fasciatus (Pergande) (Thysanoptera: Thripidae), infesting navel oranges .
O 3 is highly reactive and damages cell membranes of organisms by causing oxidative stress. Although O 3 generally damages plant tissues at the levels required to kill insects, the damage it causes (surface pitting, chlorosis, or darkening of tissues) varies greatly by commodity and does not occur under all environmental circumstances.
We describe here the development of a gaseous O 3 treatment by using controlled atmospheres and aboveambient temperatures for control of western ßower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), and longtailed mealybug (Pseudococcus longispinus Targioni Tozzetti (Homoptera: Pseudococcidae), two common pests found in ßowers and foliage crops exported from Hawaii. Our original goal was to develop O 3 treatments of Ͻ2-h duration that would kill target insects without damaging ornamentals. However, preliminary tests showed that most ornamental commodities were damaged by O 3 concentrations needed for complete control of pests. Therefore, we concentrated our efforts on enhancing the insecticidal effects of O 3 through changes in temperature, type of atmosphere, and atmospheric pressure. Given the general sensitivity of plants to O 3 , we reasoned that Þnding combinations of treatment parameters which maximized the insecticidal effect of O 3 would be the Þrst step in evaluating its potential as an alternative fumigant for insect control. We also present data on the tolerance of various ornamentals to the O 3 treatment. This is the Þrst report in the literature on the effects of O 3 to control insect pests infesting fresh commodities.
Materials and Methods
Research reported here was done during July 2001Ð March 2003 at the U.S. PaciÞc Basin Agricultural Research Center in Hilo, HI.
Treatment System. The vacuum chamber used for treatments was custom-built by scientists at Cosmed Group, Inc. (Sparks, NV) and was supplied to us as part of a Cooperative Research and Development Agreement. It was designed for small-scale research using O 3 with capability to alter the treatment temperature, atmosphere, and atmospheric pressure. The cylindrical vessel was 61.5 cm in length by 20.5 cm in diameter with a 20-liter capacity (Fig. 1A ). Samples were loaded into the chamber by unbolting and removing a circular piece of Plexiglas (1.8 by 34.5 cm) (Fig. 1B) , which made up one end of the cylinder.
The temperature within the vessel was controlled by liquid-Þlled coils that encircled the chamber along its length. A pump circulated the liquid through the coils past an electric heater controlled by a thermostat. The atmosphere within the container was delivered from bottled gases (N 2 , O 2 , breathing air [BA], comprised of Ϸ21% O 2 , 0.9% argon, 0.03% CO 2 , and 78% N 2 plus trace gases at standard temperature and pressure (STP), or CO 2 ) (Fig. 1C ) that entered the machine after passing through ßow control meters (Fig. 1D ) and then past a CD10 corona discharge generator (ClearWater Tech, LLC, San Luis Obispo, CA) (Fig.  1E) . The chamber was plumbed to allow the introduction of one or two different gases (a major and a minor feed gas) at the same time. The amount of O 3 produced by the generator was inßuenced by a rheostat adjustment of the current ßowing to the generator and by the type and ßow rate of feed gases. No O 3 could be generated when pure N 2 was used as the feed gas; when pure CO 2 gas was used, a maximum of Ϸ400 ppm O 3 was obtained. The addition of even small amounts of BA or O 2 as feed gases permitted high levels (e.g., Ն3,000 ppm) of O 3 . A portion of the ßow stream exiting the chamber ßowed through an OzoMeter O 3 analyzer (Hankin Ozone Systems Ltd., Scarborough, Ontario, Canada) (Fig. 1F ), which continuously measured O 3 concentrations. The O 3 concentration was set using the OzoMeter. A solenoid switch turned the generator off when the set concentration was attained and on again when the O 3 level fell below the target level. The time required to reach target levels generally varied between Ϸ1 and 15 min, the longer times being associated with the use of pure CO 2 atmospheres and higher target concentrations of O 3 . O 3 concentrations were recorded 15 min after the generator was turned on and every 15 min thereafter. The O 3 concentrations recorded over the entire treatment period were averaged and used for data analyses. O 3 and CO were scrubbed from exhaust gases as they ßowed through the OzoMeter or the vacuum line by using Carulite catalytic converters (Carus Chemical Company, LaSalle, IL). Constant vacuum levels during treatment runs containing O 3 varied from 0.03 to 0.41 bar (1Ð12 in. of mercury) below ambient pressure and were measured with a PsiTronix vacuum gauge (ScientiÞc Technologies Inc., Logan, UT) (Fig. 1G) . Treatment runs without O 3 also included a zero vacuum level (i.e., ßow through of gases which by-passed the vacuum line). Relative humidity and temperature inside the chamber was measured during treatments by using an Omega RH411 digital hygro-thermometer (Omega Engineering, Inc., Stamford, CT); relative humidity and temperature values were recorded every 15 min during treatments, and average values were used in analyses. O 2 concentrations were measured by taking gas samples from the vacuum line (or exhaust tube if no vacuum were being used) by using a 100-ml glass syringe equipped with a T-valve connector and then injecting the sample into an 800-series Process oxygen/carbon dioxide analyzer (Illinois Instruments, Inc., Johnsburg, IL). O 2 concentrations could not be measured when O 3 was part of the treatment, because O 3 would have damaged the oxygen detector.
All chamber treatments began with a 15-min pretreatment gas ßush at a rate of 9 liters/min, which resulted in gas concentrations Ն99.9% of the desired atmosphere (O 2 , N 2 , CO 2 , or BA) within the chamber. Then, the vacuum pump was turned on (if reduced atmospheric pressure was part of the treatment regime), the ßow rate was reduced to either 500 or 1,800 ml/min (the lower ßow rate permitted higher O 3 concentrations, whereas the higher rate reduced the inßux of outside air associated with sporadic vacuum leaks) and the generator began producing O 3 until the target level was attained. Generally, relative humidity during treatments was low (24 Ð32%) due to the low relative humidity of the compressed gases we used. In some tests, relative humidity was increased by placing 20 moist paper towels inside the chamber before the test run. After each treatment and before samples were removed, the chamber was purged several times for Ϸ10 min by using the main feed gas, at Ͼ9 liters/ min. The purge completely removed O 3 from the chamber. For consistency, the purge process was followed even for treatment runs by using no ozone. Reported treatment times do not include the preßush or purge periods, which totaled Ϸ25 min in length.
Treatments. Generally, three to four treatments were carried out on each day of tests, identical except for one particular variable of interest (O 3 . Over time, a large data set was generated from which data subsets were extracted and analyzed to explore differences in mortality associated with variations in the levels of independent variables.
Insects. Western ßower thrips reared on green beans were exposed to treatments within petri dishes (15 cm in diameter). Dishes were ventilated via silk screen material that covered a hole (11.5 cm in diameter) cut into the center of the dish cover. Green bean pieces (four per dish) hot-glued to the bottom of the dish provided a food source for the thrips, which were aspirated then shaken into the dishes (55 adult female thrips per dish). Each treatment used three dishes placed ventilated side up in the chamber. An additional three dishes not placed into the chamber were used as controls on each day of testing. After treatment, the dishes were held for 48 h in the laboratory before insect mortality was assessed. Insects that did not move when prodded were scored as dead. Except where noted, mortality data are for adult female thrips. The effect of O 3 on the various life stages of thrips was measured in a series of four tests, each of which included three treatments done on the same day by using different levels of O 3 . The three petri dishes used in each treatment included one dish holding green beans infested only with thrips eggs and two dishes holding uninfested beans to which a mixture of larvae, pupae, adult males, and adult females were added. To ensure valid comparisons among treatments, egg-infested beans taken from the same thrips rearing container were divided equally among the dishes to be tested that particular day. The average numbers of insects used in each treatment were 218, 82, 122, and 114 for adult females, adult males, pupae, and larvae, respectively. Mortality was scored after 48 h for larvae, pupae, and adult thrips. Mortality of eggs was inferred by counting neonate larvae present in each dish 7 d after treatment.
Longtailed mealybugs also were reared on green beans and were handled as described above, except the mealybugs were transferred into the ventilated petri dishes on infested pieces of green beans. Infested bean pieces selected contained mealybugs of all sizes. Insect mortality was observed 48 h after treatment, generally counting a subsample of the mealybugs present (90 mealybugs per dish).
Ornamental Plants. An assortment of locally available cut ßowers and potted plants were treated in the chamber at various O 3 concentrations, as listed in the table displaying results. Cut ßowers were treated on the same day as collection. Plant material to be treated was randomly assigned to one of three treatment groups: 1) chamber treatments containing ozone, 2) treatments that were identical except no O 3 was used, and 3) untreated controls. Damage was assessed 48 h after treatment, unless otherwise speciÞed in the table.
Data Analysis. Percentage of insect mortality for each treatment (or for the experimental control) was based on the total number of dead insects in all three dishes. The proportion of dead insects was square-root arcsine-transformed before analysis (Steel and Torrie 1980, p. 236) . Multiple regression analyses were carried out using the PROC GLM statement and options of SAS statistical software (SAS Institute 1988) . Independent variables were analyzed as "class" variables (categorical) unless stated otherwise. In several analyses, treatments were grouped into O 3 "levels" (100, 200, and 400 ppm O 3 ) to facilitate categorical analysis; data were assigned to a particular group if the average O 3 reading associated with that treatment run was Ϯ10% of the stated level. P values from analyses of variance (ANOVAs) were based on type III sums of squares; for multiple comparison tests, a result Յ0.05 was considered statistically signiÞcant. In some analyses, data were combined across atmospheric pressure (vacuum) levels after it was determined that atmospheric pressure level was an insigniÞcant term in the original ANOVA model. Statistical analyses assume independence of errors among treatment runs (e.g., no time correlations). We did not attempt to control for time correlations in this exploratory study because this would have required separate sets of tests for each treatment parameter of interest.
To analyze tolerance differences among life stages of thrips, we used a subset of the data presented (data from tests 2Ð 4) in which the three different levels of O 3 used in each test were 0, 458 Ð501, and 1,084 Ð 1,154 ppm. Mortality data were square-root arcsinetransformed and analyzed by ANOVA by using the different life stages and O 3 levels as categorical variables. Counts of neonates were analyzed by ANOVA by using blocks (test number) and O 3 levels as categorical variables.
Results
Western Flower Thrips. Mortality of thrips in untreated controls averaged 8.3% (SE ϭ 1.2%; N ϭ 70 sets of three dishes each). In 60-min controlled atmosphere treatments at 32.2ЊC with normal atmospheric pressure, mortality was signiÞcantly (F ϭ 13.2; df ϭ 1, 29; P ϭ 0.001) greater when N 2 was used in place of CO 2 and when treatment times were longer (F ϭ 21.5; df ϭ 5, 29; P ϭ 0.0001) (ANOVA model using atmosphere and time as independent categorical variables) ( Table 1) . Averaging across treatment times, mortality was 22% higher when N 2 versus CO 2 was used (leastsquare means, PROC GLM, SAS Institute 1988, with backtransformed means). In an N 2 atmosphere, mortality increased from 85.9 to 99.0% when treatment time was increased from 60 to 120 min (Table 1) .
In 60-min treatments with 100% N 2 in which average relative humidity, temperature, and atmospheric pressure (0.10 Ð 0.41 bar below ambient) were variables, mortality of thrips was signiÞcantly affected by temperature (F ϭ 28.5; df ϭ 2, 23; P Ͻ 0.0001) and by relative humidity (F ϭ 67.1; df ϭ 1, 23; P Ͻ 0.0001) (temperature and relative humidity used as categorical and continuous variables, respectively) (Fig. 2) . Across relative humidity levels, mortality was 23% higher at 37.8ЊC than at 32.2ЊC (backtransformed least-squares means). In treatments where relative humidity values were Յ32.8%, mortality averaged 92.2%. Mortality was markedly lower in treatment runs with Ն46% relative humidity, averaging 45.5% (Fig. 2) . Atmospheric pressure was not used in the ANOVA model, because this variable was not signiÞcant (F ϭ 2.8; df ϭ 2, 8; P ϭ 0.12) in a separate ANOVA using a subset of the data (temperature and atmospheric pressure as independent variables, equal replication of three atmospheric pressure levels [0, 0.20, and 0.41 bar below ambient] at two temperature levels [32.2 and 37.8ЊC] and using only data with relative humidity levels Յ32.8%).
When adult female thrips were exposed to various concentrations of O 3 under different temperatures (32.2 or 37.8ЊC), treatment times (30 or 60 min), and types of atmosphere (CO 2 or BA), atmosphere and ozone concentration were the most important factors affecting mortality (Fig. 3) . By using an ANOVA model with atmosphere type and ozone concentration as categorical and continuous variables, respectively, both terms were statistically signiÞcant: atmosphere type, P ϭ 0.0002; F ϭ 25.7; df ϭ 1, 13; and ozone, P ϭ 0.0009; F ϭ 18.1; df ϭ 1, 13. For this analysis, data were Treatment parameters included a temp of 32.2ЊC, a pretreatment ßush of N 2 or CO 2 , and a ßow rate of 1800 ml/min at normal atmospheric pressure during the 60-m treatment by using the same gas used in the pretreatment ßush. N, number of chamber treatments. An average of 165 thrips were exposed to each chamber treatment. Fig. 2 . Effect of temperature and relative humidity on mortality of adult female western ßower thrips. Treatment parameters included a pretreatment ßush of N 2 and a ßow rate of 1,800 ml/min N 2 during the 60-min treatment. The vacuum used in each treatment run was between 0.10 and 0.41 bar below ambient. An average of 165 thrips were exposed to each chamber treatment.
combined over time and temperature levels because these terms were not signiÞcant (P Ͼ 0.05) in the original ANOVA model that included all four variables. In BA treatments, 10 Ð25% of thrips were killed at 200 ppm O 3 and 80 Ð98% were killed at Ϸ600 ppm. In pure CO 2 , mortality was 98% when O 3 level was only Ϸ200 ppm (Fig. 3) .
The effect of O 3 on thrips life stages is shown in Table 2 . Both life stage and ozone level had a significant effect on thrips mortality (life stage, P ϭ 0.0003; F ϭ 8.4; df ϭ 3, 30; and ozone level, P Ͻ 0.0001; F ϭ 282; df ϭ 2, 30). In an atmosphere of BA plus O 2 , a 60-min exposure to 3,825 ppm O 3 , the highest concentration tested, resulted in 100% mortality of larvae, pupae, and adult females. Our data indicated that one of 58 adult males survived this treatment, although this result may have been due to contamination of the petri dish by an untreated male during counting. An O 3 concentration of Ϸ2000 ppm killed 96.8 Ð100% of larvae, pupae, and adult males and females (Table 2) . Overall, adult males and females were signiÞcantly more susceptible to O 3 than larvae and pupae (TukeyÕs honestly signiÞcant difference [HSD] multiple comparison test, P ϭ 0.05, error df ϭ 30; analysis excluded treatments using O 3 levels Ͼ1,154 ppm because they were unreplicated). O 3 treatment had no apparent effect on thrips eggs that had been oviposited into beans (F ϭ 1.2; df ϭ 2, 4; P ϭ 0.39). The average number of neonate larvae recovered per dish from beans infested with eggs at time of treatment was 81, 55, and 91 for 0, 458 Ð501, and 1,084 Ð1,154 ppm O 3 , respectively.
Longtailed Mealybug. Mealybug mortality in untreated controls averaged 1.7% (SE ϭ 0.6%; N ϭ 62 sets of three dishes each). In 60-min treatments at 37.8ЊC with at atmosphere of pure CO 2 or BA, mortality of mealybugs was signiÞcantly related to atmosphere type (F ϭ 18.6; df ϭ 1, 14; P ϭ 0.0007) and O 3 concentration (F ϭ 18.6; df ϭ 1, 14; P ϭ 0.0007) (ozone analyzed as a continuous variable) (Fig. 4) . Across O 3 concentrations, mortality was 61% higher when CO 2 was used instead of BA (backtransformed leastsquares means). In the data mentioned above, atmospheric pressure used in each treatment run was either 0.10 or 0.41 bar below ambient, with Ϫ0.10 bar comprising two of Þve and seven of 12 observations for the Fig. 3 . Effect of atmosphere, temperature, treatment time, and ozone on mortality of adult female western ßower thrips. Treatment parameters included a pretreatment ßush of BA or CO 2 and a ßow rate of 500 ml/min of the same gas during a 30-or 60-min treatment at 32.2 or 37.8ЊC at an atmospheric pressure of 0.10 bar below ambient. An average of 165 thrips were exposed to each chamber treatment. Insects were exposed to ozone in chamber at 37.8ЊC by using a pretreatment ßush of BA followed by a 60-min exposure to ozone in an atmosphere of BA and O 2 at 410 and 90 ml/min, respectively, at 0.10 bar below ambient pressure.
a Number of chamber treatments. The average number of adult females, adult males, pupae and larvae exposed to each chamber treatment was 218, 82, 122, and 114, respectively. BA and CO 2 data groups, respectively. Atmospheric pressure was dropped as a variable in the ANOVA model because it was not signiÞcant (F ϭ 1.2; df ϭ 1, 13; P ϭ 0.29).
At 37.8ЊC in pure CO 2 , mortality of mealybugs was signiÞcantly affected by treatment time (ranging from 30 to 120 min) (F ϭ 25.6; df ϭ 5, 42; P Ͻ 0.0001) and O 3 level (0, 100, or 200 ppm) (F ϭ 24.0; df ϭ 2, 42; P Ͻ 0.0001) (time and O 3 level used as categorical variables) (Table 3) . Using 60-min treatments, mortality was increased from Ϸ24 Ð 64% when the ozone level was increased from 100 to 200 ppm. By using 120-min treatments, mortality was high (Ն96.7%) for either ozone level, whereas Ϸ76% of thrips were dead in the no-ozone treatment (due to effects of heat, low humidity and controlled atmosphere). In the data mentioned above, atmospheric pressure used in each treatment run was between 0.03 and 0.41 bar below ambient, and data in each treatment subgroup included a range of atmospheric pressures. Atmospheric pressure was dropped as a variable in the ANOVA model because it was not signiÞcant (F ϭ 0.60; df ϭ 4, 38; P ϭ 0.67).
The relationship between treatment temperature and O 3 level is shown in Table 4 . In 60-min treatments in pure CO 2 , percentage of mortality at 100 ppm O 3 averaged 14.0, 24.3, and 82.7% at 35.0, 37.8 and 40.6ЊC, respectively. Based on this subset of data, temperature had a signiÞcant effect on mortality (F ϭ 19.8; df ϭ 2, 15; P Ͻ 0.0001), and all temperature levels differed signiÞcantly from one another except for the comparison involving 35.0 and 37.8ЊC (ANOVA and TukeyÕs HSD at P ϭ 0.05). Percentage of mortality at 37.8ЊC averaged 11.4, 24.3, 64.1, and 98.8% for ozone levels of 0, 100, 200, and 400 ppm, respectively. Based on this subset of the data, ozone level had a signiÞcant effect on mortality (F ϭ 14.2; df ϭ 3, 17; P Ͻ 0.0001), and all ozone levels differed signiÞcantly from one another except for the comparison involving 0 and 100 ppm Fig. 4 . Effect of atmosphere and ozone concentration on mortality of longtailed mealybugs. Treatment parameters included a temperature of 37.8ЊC, a pretreatment ßush of BA or CO 2 , and a ßow rate of 500 ml/min of BA or CO 2 (using the same atmosphere used for the pretreatment ßush) during the 60-min treatment. The atmospheric pressure used in each treatment run was either 0.10 or 0.41 bar below ambient. An average of 270 mealybugs were exposed to each chamber treatment. Treatment parameters included a temperature of 37.8ЊC, a pretreatment ßush of CO 2 , and a ßow rate of 1,800 ml/min of CO 2 during the treatment. The vacuum used in each treatment run was variable between 0.03 and 0.41 bar below ambient. N, number of chamber treatments. An average of 270 mealybugs were exposed to each chamber treatment.
a Average ozone concentration in each treatment run was within 10% of stated level. Treatment parameters included a pretreatment ßush of CO 2 and a ßow rate of 1,800 ml/min of CO 2 during the 60-min treatment. The vacuum used in each treatment run was between 0.03 and 0.41 bar below ambient. N, number of chamber treatments. An average of 270 mealybugs were exposed to each chamber treatment.
a Average temperature during treatment run was within 0.56ЊC of stated level.
b Average ozone concentration in each treatment run was within 10% of stated level.
(ANOVA and TukeyÕs HSD at P ϭ 0.05). In the data mentioned above, atmospheric pressure used in each treatment run was between 0.03 and 0.41 bar below ambient, and data in each treatment subgroup included a range of atmospheric pressures. Atmospheric pressure was dropped as a variable in the ANOVA models because it was not signiÞcant (F ϭ 0.11; df ϭ 2, 13; P ϭ 0.90 in model using 100 ppm O 3 data; and F ϭ 0.30; df ϭ 4, 13; P ϭ 0.87 in model using 37.8ЊC data).
First and second instars were signiÞcantly (t ϭ 5.9, df ϭ 11, P Ͻ 0.0001) more susceptible to O 3 than third and fourth instars (Fig. 5) . On average, mortality of Þrst and second instars was 28% greater for a given O 3 concentration (backtransformed mean difference of data pairs; paired t-test, means procedure, SAS Institute 1988).
Ornamental Plants. O 3 treatments of 60 Ð120-min duration damaged all ornamentals tested, causing pitting, water soaking, chlorosis, black spots, and browning of leaf margins (Table 5 ). Exposure to 200 Ð 400 ppm O 3 caused only minor damage to orchids, red ginger, and bromeliads. Nevertheless, such damage would be commercially unacceptable. Certain parts of treated plants were undamaged by O 3 concentrations as high as 3,000 Ð 4,500 ppm (Table 5 ). Plant parts that escaped damage included the waxy inßorescences of red ginger and most types of orchid ßowers (but not ßower stems of orchids). Leaves of a potted Phalaenopsis orchid plant exposed to 3,880 ppm O 3 for one h were damaged only slightly by O 3 treatment, resulting in small chlorotic areas scattered around leaf margins.
Discussion
Our results show that Ͼ98% of longtailed mealybugs and adult female thrips were killed by a 1-h treatment consisting of Ϸ400 ppm O 3 in pure CO 2 at a temperature of 37.8ЊC. Limitations of our treatment chamber prevented us from testing O 3 concentrations Ͼ400 ppm in pure CO 2 . However, based on data trends shown and the relative susceptibilities of different life stages of both thrips and mealybugs, we estimate that Ϸ1000 ppm O 3 would be sufÞcient for obtaining 100% mortality of these pests by using the treatment parameters described above. Although most ornamentals would be damaged by this O 3 concentration, our phytotoxicity observations indicate that commodities with waxy leaves and/or ßowers may tolerate such a treatment without serious damage, as presumably would many types of fruits and vegetables. have found that oranges protected with a commercial wax can tolerate 10,000 ppm O 3 without damage, and in other research (unpublished data), we have found that green bananas sometimes tolerate up to 4,000 ppm O 3 for 1 h at 32.2Ð37.8ЊC with minimal or no damage if the bananas are Þrst coated with a commercially available food-safe polymer.
O 3 does not penetrate wet commodities such as fruits and vegetables as well as methyl bromide , in part because O 3 reacts rapidly with any free moisture that is present. Free moisture, whether on the surface or inside a commodity, acts as an O 3 sink, preventing further penetration. This may be the reason O 3 fumigation had no effect on thrips eggs inside green beans. This inability to penetrate wet commodities precludes the use of O 3 as a quarantine treatment against internal pests of fresh horticultural commodities. O 3 fumigation has the most potential as a methyl bromide replacement in dry stored products (such as coffee, spices, and grain) and for control of surface pests infesting commodities that are naturally protected from O 3 due to a waxy coating and/or a lack of open stomata.
O 3 caused the greatest mortality of thrips and mealybugs in a pure CO 2 atmosphere. The presence of O 2 in the chamber dramatically reduced efÞcacy of O 3 fumigation. The difference in slope values in Fig. 4 measuring mortality responses associated with the CO 2 and BA atmospheres suggests that O 3 interacts synergistically with high CO 2 /low O 2 conditions. 5 . Effect of ozone concentration on mortality of different stages of longtailed mealybugs. Treatment parameters included a temperature of 37.8ЊC, a pretreatment ßush of CO 2 , and a ßow rate of 500 ml/min of CO 2 during the 60-min treatment. The reduced pressure used in each treatment run was either 0.10 or 0.41 bar below ambient. An average of 270 mealybugs were exposed to each chamber treatment.
However, the data set was too small for a reliable test of slope differences.
We achieved high levels of thrips mortality even without O 3 in 60-min treatments by using an atmosphere of N 2 or CO 2 at 37.8ЊC, which suggests that an elevated temperature, controlled atmosphere treatment under low relative humidity conditions may be a practical quarantine treatment for controlling the active stages of thrips on tolerant commodities (i.e., waxy ornamentals, fruits, and vegetables). Most fresh horticultural commodities will not tolerate high CO 2 and/or low O 2 concentrations for the long durations (days to weeks) generally considered necessary for insect disinfestation of agricultural commodities at 0 Ð27ЊC (Mitchell and Kader 1992, Paull 1994) . However, Held et al. (2001) showed that even short controlled atmosphere treatments (Ͻ24 h) provided good control of certain insect pests without damaging horticultural commodities and proposed using modiÞed atmospheres to eliminate greenhouse pests on plant propagative materials before moving these materials between greenhouses. Held et al. (2001) obtained complete control of aphids, whiteßies, spider mites, and adult western ßower thrips by exposing these pests to a CO 2 or N 2 atmosphere at 20ЊC and 55Ð 82% RH for 12Ð18 h. In their study, Յ10% of western ßower thrips survived a 12-h exposure to N 2 or CO 2 , and none survived an 18-h exposure to either atmosphere. Begonia and chrysanthemum seedlings similarly exposed were generally undamaged in the N 2 atmosphere but seriously damaged in the CO 2 atmosphere. Our results with female western ßower thrips indicate that treatment times for insect disinfestation on propagative material could be dramatically reduced using higher temperatures (32.2Ð37.8ЊC) and lower relative humidity levels (24 Ð32%). The use of vacuum and a high gas ßow rate as part of the treatment could be expected to improve penetration of controlled atmospheres into commodities and to maintain the treatment environment at a low relative humidity, thereby increasing efÞcacy. In addition, shorter treatment times would reduce the chance that commodities would be damaged by a modiÞed atmosphere treatment containing CO 2 . This is an important consideration because exothermic generators burning methane or propane fuel are an economical means for producing low oxygen atmospheres comprised of Յ0.5% O 2 , 10 Ð13% CO 2 , with the balance as N 2 (Brandl et al. 1983) .
In general, raising relative humidity or lowering temperature increases the time required to kill insects by using controlled atmospheres (Soderstrom et al. 1986 , Zettler et al. 2002 . For example, increasing relative humidity from 40 to 60% at 26.7ЊC by using an atmosphere of 0.5% O 2 , 10% CO 2 , and 89.5% N 2 increased the time required to kill 95% of mature larvae and pupae of navel orangeworm, Amyelois transitella (Walker), from 47.6 to 72.3 h, respectively (Soderstrom et al. 1992) . Temperature is also a critical factor. In an atmosphere of 99% CO 2 , the time required for 99% kill of Tribolium castaneum (Herbst) was 24 h at 32ЊC but only 6 h at 43ЊC (Jay 1986 ). Using a slightly higher temperature, 45ЊC, Soderstrom et al. (1996) killed 95% of codling moth larvae in only 2.9 h by using an atmosphere of 98% CO 2 , 1.5% N 2 , and Ϸ0.5% O 2 . In our tests with thrips using a pure N 2 atmosphere, both variations in relative humidity and temperature were important mortality factors, and a treatment of only 60 min (85 min in total counting preßush and purge times) at 37.8ЊC with relative humidity levels Յ32.8% killed 99.4% of adult female thrips. Desiccation was probably an important factor causing mortality of thrips under these conditions. High CO 2 or low O 2 concentrations can arrest heart contractions and cause spiracles to open, with the result that insects are unable to regulate loss of water from the body (Brandl et al. 1983 , Zettler et al. 2002 . Jay and Cuff (1981) measured weight loss of T. castaneum exposed to atmospheres high in N 2 and concluded that water loss was probably the major cause of death. They found that other factors were responsible when using atmospheres high in CO 2 . The physiological mechanisms by which atmospheres high in CO 2 kill insects is not fully understood (Zhou et al. 2001) . In our studies with thrips at 32.2ЊC, a pure N 2 atmosphere provided better control than a pure CO 2 atmosphere. With other insects species, efÞcacy has been signiÞcantly higher using pure N 2 (Soderstrom et al. 1991 ; codling moth eggs), whereas at other times using pure CO 2 (e.g., Brandl et al. 1983 ; navel orangeworm larvae). O 3 fumigation of insects can be carried out in a variety of different atmospheres (CO 2 , O 2 , BA, or N 2 ). With our treatment equipment, we were unable to test the effects of O 3 in a no-oxygen atmosphere comprised primarily of N 2 , because the oxygen source used by the O 3 generator was the gas or mix of gases ßowing into the chamber. The ability of the generator to create O 3 at a given rate of gas ßow was greatest for O 2 , followed by BA and CO 2 . When pure N 2 was used, no O 3 could be generated. We also encountered methodological difÞculties testing O 3 in an atmosphere of pure CO 2 caused by the low output of our O 3 generator (a maximum of Ϸ400 ppm in pure CO 2 ), a vacuum leak that sometimes prevented us from obtaining a pure atmosphere, and our inability to measure the composition of the chamber atmosphere when using O 3 as part of the treatment.
The existence of a vacuum leak was inferred by the detection of O 2 in the chamber (ranging up to Ϸ7% O 2 ) during treatments with pure N 2 or pure CO 2 and no O 3 . We noted that although these leaks were sporadic, they were more of a problem at lower pressures and reduced ßow rates. When O 3 was used as part of the treatment, it was necessary to use a reduced pressure to draw the gases leaving the chamber through the O 3 analyzer. During treatment runs containing O 3 , we were unable to directly measure the percentage oxygen in the chamber, because the O 3 in the gas samples would have damaged to the zirconium oxygen detector. Thus, our O 3 treatments were necessarily carried out under experimental conditions in which sporadic vacuum leaks could be expected to occur, yet could not easily be monitored. We hypothesize that a signiÞcant portion of the variation in mortality associated with chamber treatments in which vacuum was used was due to these sporadic vacuum leaks. The addition of even small amounts of O 2 (from 0 to 0.1%) to controlled atmospheres have been found to have important physiological effects on insects and would be expected to increase the time required for a given level of insect control (Zettler et al. 2002) .
O 3 and its reaction products are toxic to plants, causing peroxidation and denaturation of membrane lipids (Loreto et al. 2001) . Visually, this results in chlorotic and necrotic lesions on leaves and other plant parts. O 3 enters plant mesophyll through the stomata and diffuses through inner air spaces and cell walls to reach cell membranes (Salter and Hewitt 1992, Rogers 1993) . Much of the literature relating to O 3 damage in plants is related to understanding the phytotoxic effects of O 3 present in polluted air. O 3 in polluted air can reach concentrations up to 0.4 ppm, much lower than the levels we studied (Orvar et al. 1997) . In general, environmental conditions associated with fewer open stomata result in lower O 3 damage (Rogers 1993) . In our phytotoxicity tests, exposure to O 3 caused relatively little damage to bromeliads (Guzmania hybrid) and Phalaenopsis orchids, which use the CAM photosynthetic pathway in which stomata open mainly at night.
The biochemical interactions in plants that result in O 3 sensitivity are complex and not fully understood (Tamaoki et al. 2003) . Exposure to acute levels is known to activate biochemical processes associated with the hypersensitive response of plants to incompatible pathogen infection; this response includes the production of ethylene by the plant, which further increases O 3 sensitivity via a positive feedback mechanism (Tamaoki et al. 2003) . In our research with green bananas, we have used up to 4,000 ppm O 3 in 1-h treatments with minimal or no plant damage; in other treatment runs with the same treatment parameters, damage has been signiÞcant (R.G.H., unpublished data). Pretreatment environmental conditions under which the fruit are held seem to be an important factor in determining sensitivity. Before O 3 fumigation can gain practical application as an insect disinfestation technique on horticultural commodities, the factors that control plant sensitivity will need to be better understood.
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